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Abstract: The synthesis of total cellular proteins in Escherichia coli K12 was studied in batch culture following exposure of cells to 
low concentrations of monochlorophenol, pentachlorophenol and cadmium chloride. Changes in protein patterns were identified 
after pulse-chase labelling of proteins with [35S]methionine and subsequent two-dimensional gel electrophoresis (2D-PAGE). We 
demonstrated that besides the induction of some stress proteins, also a transient decrease in the rate of synthesis of.other proteins 
occurred. Two of these proteins were identified as OmpF and aspartate transcarbamoylase (ATCase). Their transient repression 
appeared to be a general response to stress elicited by different pollutants and may therefore be used as a general and sensitive 
early warning system for pollutant stress. 
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Introduction 
In the i r  na tu ra l  hab i t a t s ,  mic roo rgan i sms  a re  
f r equen t ly  exposed  to a var ie ty  of  env i ronmen ta l  
s t resses  and  these  a re  known to el ici t  specif ic  
responses .  O f  these ,  the  synthesis  of  specif ic  s tress  
p ro t e in s  is mos t  common.  T h e  stress  p ro t e in s  
i nduced  fol lowing exposure  to a pa r t i cu l a r  type of  
env i ronmen ta l  s t ress  may  be long  to e i the r  of  sev- 
e ra l  s t ress  r e sponse  systems inc luding  the  hea t  
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shock response  [1], the  SOS response  [2], oxida-  
tive stress [3] or  s ta rva t ion  r e sponse  [4]. O n  the  
o t h e r  hand,  synthesis  of  s tress  p ro t e ins  may  also 
be  specif ic  for  one  pa r t i cu l a r  s tress  fac tor  [5]. 
I nduc t ion  of  stress pro te ins ,  gene ra l  o r  specific,  
could  be  used  as a tool  in env i ronmen ta l  moni to r -  
ing, be c a use  the i r  synthesis  may  serve as a b iolog-  
ical ind ica tor  by which the  p re sence  o f  environ-  
men ta l  po l lu t an t s  can be  es t ab l i shed  [5]. 
So far,  r e sea rch  has  b e e n  concen t ra t ing  on the  
induc t ion  o f  s tress  p ro t e ins  as an ind ica tor  for  
env i ronmen ta l  stress.  However ,  r ep ress ion  of  the  
synthesis  of  p ro t e ins  fol lowing exposure  of  cells 
to s t ress  condi t ions  may  also occur  [6]. In  this  
pape r ,  we d e m o n s t r a t e  tha t  mic ropo l lu t an t s  can  
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elicit specific stress protein responses, in which 
the repression of the synthesis of some proteins 
seems to be a more general response than induc- 
tion of stress proteins. 
Materials and Methods 
Bacterial strains 
All bacterial strains used are derivatives of E. 
coli K12. Experimental work was either per- 
formed with Stanford E. coli K12 [5], strain CE 
1241 (F- thi AphoE proAa /oB  pyrF thyA argG 
ilvA his mal tonA rpsL deoC sup sus uvrB vtr glpR 
phoR69 phoA8 lambda-) [7] or strain MA1006 
(W. Maas strain; Hfr pyrB48 thi-1 relA1 lacZ43 
spoT1 lambda-) [8] as indicated in the text. 
Media and growth conditions 
All strains were grown in batch culture at 37°C 
in a water bath shaker in 200-ml conical flasks 
containing 50 ml of medium. For growth and 
pulse-chase labelling experiments E. coli K12 
was grown in M9 medium [9] supplemented with 
0.4% glucose. At the start of the exponential 
phase (OD660 approx. 0.2), micropollutants were 
added to final concentrations as indicated in the 
text. The chemicals used were monochlorophenol 
(MCP), pentachlorophenol (PCP) and cadmium 
chloride (stock solutions concentrated 1000 × ,  
MCP and PCP dissolved in ethanol, final ethanol 
concentration in the cultures was 0.1% v/v). Cul- 
tures without micropollutants or with 0.1% (v/v) 
ethanol were used as controls. Growth was moni- 
tored by measuring OD at 660 nm. Samples were 
also taken for measuring the rate of oxygen up- 
take of cell suspensions using a Biological Oxygen 
Monitor (Yellow Springs Instruments, Model 
5300). 
Strain CE1241 was grown in YEPD medium 
(1% yeast extract, 1% baeto-peptone, 2% glu- 
cose). Strain MA1006 was grown in M9 medium 
supplemented with 0.4% glucose, 20 mg 1-1 uracil 
and 15 mg 1-~ thiamine. 
Analysis of cellular proteins 
Pulse-chase labelling experiments were per- 
formed to investigate the rate of synthesis of 
individual cellular proteins. Proteins were la- 
belled and separated by 2D-PAGE as described 
by Groat et al. [4]. Labelled proteins were visual- 
ized by autoradiography (XAR-5 film; Eastman 
Kodak). Comparison of the autoradiograms was 
carried out both visually and with the image 
analysis system of the Millipore Corporation (Bio 
Image Electrophoresis Analyzer, Model 60S 2-D 
System). This system was also used to quantify 
individual protein spots on autoradiograms. The 
numbers given to the proteins are arbitrary. Total 
protein patterns of samples were identified by 
2D-PAGE [4] and subsequent silver staining of 
gels according to Morrisey [10]. 
Table 1 
Effect of  micropollutants on the growth rate of  E. coli K12, expressed as a percentage of the doubling time (DT) of the control 
cultures 
Monochlorophenol  Pentachlorophenol Cadmium chloride 
Conc. a Doubling Conc. a Doubling Conc. a Doubling 
(mg 1- i )  time (%) (mg 1-1) time (%) (mg 1-1) time (%) 
0.0 100 0.0 100 0.0 100 
2.0 99 0.01 99 0.01 99 
20.0 , 99 0.1 99 0.1 98 
100.0 89 1.0 97 1.0 88 
200.0 81 10.0 91 10.0 68 
500.0 _ b 50.0 c 61 50.0 44 
a Actual concentrations of the chemicals in the cultures were not measured.  The  figures given are calculated concentrations.  
b Culture stopped growing after addition of 500 mg 1-1 MCP. 
c Solubility of  PCP in water at 37°C is about 23 mg 1-1 [12]. 
Results 
Growth experiments 
E. coli K12 cultures were exposed to various 
concentrations of the three chemicals MCP, PCP 
and CdCI 2 and the growth rate was determined. 
The doubling times (DT) of these exposed cul- 
tures are presented in Table 1 as a percentage of 
the DT measured in control cultures (without 
pollutants or in the presence of 0.1% (v/v)  
ethanol) which was 113 + 3 min. Addition of 100 
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mg 1-1 MCP, 10 mg 1 - l  PCP and 1 mg 1-1 CdC12 
to cultures resulted in an inhibition of growth, 
which was to the same extent as that published in 
the literature [11,12]. 
Cultures exposed to 200 mg 1-1 MCP or 0.1 
mg 1-1 CdCI 2 showed no change in the rate of 
oxygen uptake compared to the controls. Addi- 
tion of PCP to cultures resulted in an increase in 
the rate of oxygen uptake, which was higher at 10 
mg 1-1 PCP (66/zmol 1-1 min-  1 0 D ~ )  than at 1 
mg 1-1 PCP (33 /zmol 1-1 min - 1 0 D 6 1 ) .  This 
Tab le  2 
C h a n g e s  in p ro te in  p a t t e r n s  of E. coli K12 af te r  exposure  to mic ropo l lu t an t s  
Mic ropo l l u t an t  N u m b e r  of  i nduced  p ro te ins  
at  s ampl ing  t ime  (min)  
N u m b e r  of r ep res sed  p ro te ins  
at  s ampl ing  t ime  (min)  
3 30 60 120 3 30 60 120 
CdCI  2 (0.1 mg 1-1) 29 32 18 9 19 31 16 5 
PCP  (10 mg 1 - I )  _ a 9 15 3 a 19 12 9 
M C P  (200 mg 1-1) _ a 28 27 23 a 41 20 27 
No samples  t a k e n  for p u l s e - c h a s e  label l ing.  
Tab le  3 
Se lec ted  p ro te ins  i nduced  or  r ep res sed  by 200 mg 1 - l  M c P ,  10 mg 1 - l  P C P  or  0.1 mg 1 - I  CdCi  2 in cu l tu res  of E. coli K12 
Pro te in  Loca t ion  a M C P  PCP  CdCI2 
no. 30 60 120 30 60 120 3 30 60 120 
min  min  min  min  min  min  min  min  min  min  
1 2 4 x  24 + +  + +  + +  
3 68 x 116 + + + 
4 5 3 x l 1 3  
7 1 1 5 x  80 - -  
8 118×  93 - - - 
9 26 x 77 
15 36 x 71 + + + 
34 48 x 39 
37 39 x 99 
39 59 x 99 
40 61 x 114 
42 7 8 x  111 
44 75 x 120 
46 64 x 100 - 
51 8 0 x  54 - - - 
54 64 x 71 
+ + + + + 
+ 
m 
+ + +  
- + +  
+ + +  + 
- + + +  
+ + +  
+ 
+ +  
+ + ,  s t rongly  induced ;  
a E a c h  p ro te in  spot  is 
Phi l l ips  e t  al. [13]. 
+ ,  induced;  - ,  r epressed ;  - - ,  s t rongly  repressed .  
loca ted  on the  r e fe rence  a u t o r a d i o g r a m  in Fig. I A  by its coord ina te s  (abscissa  x o rd ina te ) ,  accord ing  to 
k D a  
increase in oxygen uptake is probably caused by 
uncoupling. 
Protein patterns in E. coli after exposure to micro- 
pollutants 
The concentrations of micropollutants used in 
pulse-chase labelling experiments were 200 mg 
1 -~ MCP, 10 mg 1-1 PCP and 0.1 mg 1-1 CdC12. 
At these concentrations the cultures exhibited 
slight growth inhibition and therefore some effect 
on the pattern of protein synthesis was expected. 
The total rate of protein synthesis was hardly 
affected by the conditions used, since total incor- 
poration of [3SS]methionine was approximately 
the same for control and exposed cultures (results 
not shown). The temporal changes in the rate of 
synthesis of individual cellular proteins were 
identified by comparing the 2D-PAGE patterns 
of exposed cultures to their controls. The total 
protein patterns did not change as significantly as 
has been reported for starvation experiments [4], 
but some distinct differences were observed. Only 
a few proteins were newly induced or completely 
repressed. For many proteins the rate of synthesis 
was only partly affected. Table 2 lists the number 
of proteins for which major changes were ob- 
served in their rate of synthesis (at least two-fold 
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Fig. 1. Two-dimensional autoradiogram of exponentially growing E. coli K12 showing proteins synthesized in the absence of any 
stress factor. Proteins selected for detailed analysis are marked and listed in Table 3. 
Most of  the proteins listed in Table 2 were 
induced or repressed only at one particular time, 
indicating that it was a transient response. Most 
changes occurred within the first 30 min. The 
proteins listed in Table 3 were considered to be 
of sufficient interest to warrant  a more detailed 
investigation. These proteins showed a clear and 
prolonged change in the rate of synthesis (factor 
3-35)  compared  to the controls. Figure 1 shows 
the location of these proteins on a reference 
autoradiogram. Except for protein no. 1, no other 
generally induced protein was detected. The syn- 
thesis of proteins nos. 7, 9 and 40 was repressed 
by all micropollutants, although there were con- 
siderable differences in the degree of repression. 
The synthesis of only a few proteins was specifi- 
cally changed by the micropollutants tested. Pro- 
teins nos. 4 and 8 were repressed by MCP and 
proteins nos. 34, 39 and 54 were induced by 
CdC12, exclusively. In some cases the effect on 
the synthesis of a protein differed with respect to 
the micropollutant used. Protein 15 was induced 
by MCP, but slightly repressed by PCP. Proteins 
37, 42, 46 and 51 were repressed by MCP a n d / o r  
PCP, but induced by CdC12. 
The data suggest that repression of the synthe- 
sis of  certain proteins is at least as frequent or 
even more general a response to low concentra- 
tions of pollutants than induction (Table 3). These 
results confirm and extend the work reported by 
Blom et al. [5], where nine micropollutants were 
screened for the induction of stress proteins in E. 
coli K12. They detected no generally induced 
stress proteins. However, of the nine micropollu- 
tants tested, six also repressed the synthesis of 
protein no. 9, while four of the micropollutants 
used also repressed the synthesis of protein no. 7 
(A.J.M. Blom, unpublished results). Because pre- 
vious investigations concentrated on induced 
(stress) proteins, we selected repressed proteins 
nos. 7 and 9 for a more detailed study. 
Identification o f  selected proteins 
On the basis of the location in a reference 
autoradiogram ([13]; p. 920, Fig. 1A), we tenta- 
tively identified protein no. 7 as O m p F  (115 × 80). 
This was confirmed by an E. coli K12 mutant  
lacking OmpF  (CE1241) [7], which lacked the 
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Fig. 2. Two-dimensional gels of exponentially growing E. coli 
K12 Stanford strain (A) and CE 1241 (an E. coli K12-mutant, 
lacking OmpF) (B). Only part of the silver-stained gels are 
shown, focused at the location of OmpF. 
protein spot at this location in a 2D-gel (Fig. 2B). 
Positive identification of protein no. 7 was ob- 
tained immunologically by using monoclonal anti- 
bodies against OmpF  (results not shown). 
Protein no. 9 was tentatively identified as AT- 
Case (26 × 77) on the basis of its location in the 
reference autoradiogram [13]. Strain MA1006, an 
Fig. 3. Two-dimensional gels of exponentially growing E. coli 
K12 Stanford strain (A), MA1006 (an E. coli K12-mutant 
lacking aspartate transcarbamoylase (ATCase)) and E. coli 
K12 Stanford strain, cultured with 20 mg 1 -I uracil (C). Only 
part of the silver-stained gels are shown, focused at the 
location of ATCase. 
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E. coli K12 pyrB mutant lacking ATCase, showed 
no protein spot at this location in the 2D-gel (Fig. 
3B). Also, addition of uracil (20 mg 1-1) to a M9 
medium culture of E. coli K12 Stanford strain, 
conditions which are known to repress the syn- 
thesis of ATCase, clearly reduced the amount of 
ATCase detected on a 2D-gel (Fig. 3C). 
Discussion 
Our present experiments show that exposure 
of E. coli K12 to MCP, PCP and CdCI 2 results in 
the induction and repression of a considerable 
number of proteins. The observed changes in 
protein patterns were clearly time-dependent and 
most of the proteins were induced or repressed 
only transiently. This temporal effect has also 
been observed for heat shock [1]. 
Although cadmium is known to induce some of 
the heat shock proteins, the extent of induction in 
our experiments was not as strong as has been 
reported in the literature [14]. This is probably 
due to the low concentration (0.1 mg 1-1) of 
CdC12 used in the present work. From their loca- 
tion on a 2D-gel, the induced heat shock proteins 
we identified were C15.4, C62.5, D33.4 and H94.0 
[13]. The observed induction was approximately 
two-fold 30 min after addition of CdC12. MCP 
also showed a slight induction of some heat shock 
proteins at t = 30 min, and these proteins were 
identified as B25.3, B56.5, B66.0, C15.4, C62.5, 
D33.4, G21.0 and H94.0 [13]. 
We found that repression of the synthesis of 
proteins nos. 7 (OmpF) and 9 (ATCase) was a 
more general response to micropollutant stress 
than the induction of stress proteins in this E. 
coli K12 strain. 
To date, the possible utility of stress proteins 
for the biological monitoring of pollution has 
concentrated on the induction of such proteins. 
For example, Hsp70 has been reported to be 
induced by Pb 2÷ in soil invertebrates [15], while 
Hsp60 is induced by Cu 2÷ in blue mussels [16]. 
We have demonstrated in this study that the 
transient repression of the synthesis of proteins 
might also serve as a tool for assessing stress 
conditions in the environment. 
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